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Time-resolved X-ray scattering has emerged as a
powerful technique for studying the rapid structural
dynamics of small molecules in solution. Membrane-
protein-catalyzed transport processes frequently
couple large-scale conformational changes of the
transporter with local structural changes perturbing
the uptake and release of the transported substrate.
Using light-driven halide ion transport catalyzed by
halorhodopsin as a model system, we combine mo-
lecular dynamics simulations with X-ray scattering
calculations to demonstrate how small-molecule
time-resolved X-ray scattering can be extended to
the study of membrane transport processes. In par-
ticular, by introducing strongly scattering atoms to
label specific positions within the protein and sub-
strate, the technique of time-resolved wide-angle
X-ray scattering can reveal both local and global con-
formational changes. This approach simultaneously
enables the direct visualization of global rearrange-
ments and substrate movement, crucial concepts
that underpin the alternating access paradigm for
membrane transport proteins.
INTRODUCTION
Active membrane transport proteins are fundamental to the cell.
They catalyze essential reactions such as the import of metabo-
lites and export of waste, establish and harvest proton motive
force in bioenergetics, and restore homeostasis following many
cellular signaling and other essential processes. They are also
major drug targets for improving human health. Both Prozac
and Prilosec are multibillion-dollar pharmaceuticals that target
membrane transport proteins.
Since the first simplified model for active membrane transport
(Jardetzky, 1966), the alternating access mechanism has be-
come a dogma within the field. This fundamental mechanism
proposes that initially a pathway from one side of the membrane
to a high affinity substrate binding site is well defined (Figure 1).StructureEnergy is then input into the system that induces protein confor-
mational changes closing the protein entrance pathway, opening
an exit pathway to the opposite side of the membrane, and re-
leasing substrate. Thus, energy input switches the accessibility
of the substrate binding site from one side of the membrane to
the other. In nature, this basic mechanism displays several de-
tailed variations. For example, the timing of binding and release
steps may vary, or more than one binding site may be transiently
defined. Nevertheless, these essential concepts persevere, as
illustrated by a series of structural studies of bacteriorhodopsin
(bR) (Belrhali et al., 1999; Edman et al., 1999; Facciotti et al.,
2001; Royant et al., 2000; Sass et al., 2000) and the Ca2+ATPase
(Olesen et al., 2004; Sorensen et al., 2004; Toyoshima and
Mizutani, 2004; Toyoshima and Nomura, 2002; Toyoshima et al.,
2000, 2004), the two first membrane transport proteins to have
their transport cycles structurally characterized.
Although the alternating access model for membrane trans-
port has received universal acceptance, there are no direct
structural methods that simultaneously probe the dynamics of
global protein conformational changes and the local movements
within the substrate binding site. Thus, it remains an untested
hypothesis that the kinetics of global dynamics and substrate
release are intimately coupled. Other structural methods, such
as intermediate trapping X-ray diffraction studies of bR (Edman
et al., 1999; Facciotti et al., 2001; Luecke et al., 1999, 2000; Rou-
hani et al., 2001; Royant et al., 2000; Sass et al., 2000; Subrama-
niam and Henderson, 2000; Vonck, 1996), relied upon structures
trapped at low temperature (Edman et al., 1999; Facciotti et al.,
2001; Royant et al., 2000; Sass et al., 2000) or stabilized by site-
directed mutagenesis (Luecke et al., 1999, 2000; Rouhani et al.,
2001; Subramaniam and Henderson, 2000; Vonck, 1996) and
were not time-resolved diffraction studies per se. Likewise, trap-
ping experiments on the Ca2+-ATPase (Olesen et al., 2004; Sor-
ensen et al., 2004; Toyoshima and Mizutani, 2004; Toyoshima
and Nomura, 2002; Toyoshima et al., 2004) relied upon chemical
stabilization of specific conformations prior to crystallization.
Room-temperature time-resolved X-ray diffraction experiments
have successfully probed the light-driven release and rebinding
of a small-molecule substrate in 3D crystals of myoglobin (Srajer
et al., 2001) but, in this case, against the background of a stable
protein scaffold. It has been argued that structural results from
time-resolved X-ray diffraction studies on photoactive yellow16, 21–28, January 2008 ª2008 Elsevier Ltd All rights reserved 21
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Time-Resolved X-Ray Scattering of HalorhodopsinFigure 1. Structural Models of the Putative
hR Photointermediates
(A) The Ground state of hR embedded in an artifi-
cial membrane. A single iodide ion (large yellow
sphere) is illustrated immediately below the Schiff
base nitrogen (blue), whereas the iodine (small
yellow sphere) is covalently bound to retinal-form-
ing trans 13-desmethyl-13-iodoretinal (salmon).
Arrows indicate the vectorial pumping of the halide
ion, consisting of an uptake from the extracellular
space, transfer across the retinal, and release
into the cytoplasm.
(B–D) Close-up views of the active site showing
the atomic rearrangements of the retinal accom-
panying the isomerization from the Ground state
(salmon) (B) to Intermediate I (magenta) (C), and
to Intermediate II (D) for which the iodide is posi-
tioned above the retinal, close to the iodine of
the cis 13-desmethyl-13-iodoretinal.
(E) The postulated movements of helices F and G
associated with a late hR intermediate (Intermedi-
ate III) is depicted in cyan.protein (Ihee et al., 2005a) do not show the full extent of the pro-
tein movements due to the restriction of the crystal lattice
(Heberle and Gensch, 2001). It is unlikely that 3D crystals of
membrane transport proteins will support the large-scale con-
formational changes associated with their reaction cycles while
remaining sufficiently ordered to diffract to high resolution.
Time-resolved small-angle X-ray scattering (SAXS) (Bilsel and
Matthews, 2006; Koch et al., 2003; Svergun and Koch, 2002),
and its cousin wide-angle X-ray scattering (WAXS) (Fischetti
et al., 2004; Hirai et al., 2002, 2004), provide an approach that
is sensitive to global protein conformational changes, and these
changes are not constrained by 3D crystal contacts. Although
the time-resolved variant of this method is still somewhat in its
infancy, it provides great promise for characterizing the time
scales associated with large-scale protein dynamics. A major
drawback, however, is that all structural information concerning
local-conformational changes within the protein overlap with
other signals, and it is therefore impossible to extract specific
structural dynamics concerning one site within the protein. Nev-
ertheless, recent developments have shown that time-resolved
X-ray diffraction studies on small molecules in solution, such as
I2 (Neutze et al., 2001; Plech et al., 2004), CH2I2 (Davidsson et al.,
2005), C2H4I2 (Ihee et al., 2005b), and HgI2 (Kim et al., 2006), can
be pursued with excellent signal to noise with a temporal resolu-
tion of 100 ps. In these studies, short-lived reaction-cycle inter-
mediates have been structurally resolved despite being tran-
siently present at concentrations of 1 to 3 mM (Davidsson et al.,
2005; Ihee et al., 2005b; Kim et al., 2006). Because of signal-
to-noise issues, a prerequisite for success in these experiments
has been the presence of heavy elements within the photochem-
ical system of study since strongly scattering elements enable the
desired structural changes to be resolved despite the photo-
chemical species being present only at low concentration.
In this work, we propose to combine key ingredients from
small-angle X-ray scattering studies on proteins with wide angle
X-ray scattering studies of small-molecules in solution. We thus
present a theoretical framework encapsulating a novel experi-
mental approach simultaneously probing global and local con-
formational changes in membrane transport proteins. In any22 Structure 16, 21–28, January 2008 ª2008 Elsevier Ltd All rights retime-resolved X-ray scattering experiment, the low-angle scat-
tering data will provide information on global conformational
changes, such as the rearrangement of secondary structural
elements or a relative movement of protein domains. By using
biochemical methods to place heavy atoms at specific sites
within the protein, which strongly scatter X-rays, the higher-res-
olution X-ray scattering differences will carry a fingerprint for
local movements surrounding the heavy-atom labeled sites. In
cases where heavy atoms are placed in the vicinity of the sub-
strate binding site, or are incorporated into the substrate itself,
this method enables the kinetics of global protein conformational
changes and local binding/release steps to be monitored simul-
taneously. Thus, a generic method emerges that directly probes
key ideas underpinning the alternating access mechanism of
membrane transport.
As a proof of principle, we consider light-driven halide trans-
port catalyzed by halorhodopsin (hR). Several experimental con-
siderations motivate this selection. hR is a light-driven transport
protein (Kolbe et al., 2000), which returns to its resting state after
completing its photocycle, hence the issues of reaction initiation
and resting state recovery are trivial. While the predominant
function of hR in its haloarchaea host H. salinarium is to import
Cl into the cell, it also transports the heavier halide ions Br
and I (Schobert et al., 1983). Thus, the substitution of Cl with
I is easily achieved in vitro, and hence the substrate itself can
define one heavy-atom site. It is also possible to introduce other
heavy-atom markers into hR by labeling cysteine residues with
Hg, creating selenomethionine derivatives, or labeling the retinal
(Hiraki et al., 2002), and we consider the latter in this work.
From molecular dynamics (MD) simulations of wild-type hR
and 13-desmethyl-13-iodoretinal substituted hR pumping io-
dine, we extract radial distribution functions and calculate X-ray
scattering intensities. Our results establish that hR doped with
two heavy atoms generates a difference X-ray scattering signal
for medium scattering angles, which is modified relative to that
of wild-type hR. From this difference, it is possible to extract in-
formation about local structural changes such as the movement
of iodide across the retinal. At low-scattering angle, a difference
signal characteristic of large scale helical movements is alsoserved
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ings are generic and could be extended to the study of other
membrane transport proteins using site-directed mutagenesis
in combination with cysteine or selenomethionine derivatives,
heavy-atom labeled substrates, and (where necessary) other
reaction initiation schemes.
RESULTS
Modeling the hR Photocycle
To analyze the X-ray scattering changes associated with halide
transport by hR, we first modeled putative structural intermedi-
ates. The X-ray structure of hR was solved to high-resolution
by Kolbe et al. (2000), and this structure (PDB code: 1E12), after
energy minimization and an initial restrained MD simulation of 20
ps, was used for all MD simulations of the all-trans ground state
(Ground state) (Figure 1B). Putative species of the hR photocycle
were constructed by moving/rearranging chemical groups in
hR and by analogy with known structures of bR intermediates
(Neutze et al., 2002). Although these conformations may not
necessarily correspond directly with true intermediate state con-
formations of hR, this is not problematic in this analysis since
the question we address here asks if structural changes of this
nature could be observed in principle.
A mimic of the 13-cis conformation of hR (Intermediate I) was
constructed by superimposing the 13-cis retinal of K-state bR
(Edman et al., 1999) onto the least mobile atoms of the retinal,
and the covalent bond from the Schiff base to Lys216 was
reformed (Figure 1C). After energy minimization and an initial
restrained MD simulation of 20 ps, this structure was essentially
identical to that recovered when starting from the recently re-
ported low-temperature L1 intermediate of the hR photo cycle
(Gmelin et al., 2007) (PDB code: 2JAG). A putative conformation
of an intermediate conformation within the light-driven hR trans-
port cycle (Intermediate II) was created by combining the isomer-
ized retinal structure of hR described above with a specific
movement of the active-site chloride ion into a position dis-
placed immediately toward the cytoplasmic side of the Schiff
base (Figure 1D). Again, this structure was equilibrated by energy
minimization and restrained simulation. This procedure follows
that described in MD studies of the major factors influencing
the unidirectionality of halide-ion transport in hR (Gruia et al.,
2005). Finally, a putative late-intermediate conformation of hR
was created by analogy with the closely related proton pump
bR. The later half of the bR photocycle is believed to involve an
opening of the cytoplasmic half of the protein so as to facilitate
proton uptake (Subramaniam and Henderson, 2000). Chloride
release into the cytoplasm, which occurs at a late stage of the
hR photocycle, may therefore plausibly involve a similar confor-
mational change. Specifically, the electron diffraction structure
of the D96G/F171C/F219L bR triple mutant shows a tilting the
cytoplasmic half of helix F by approximately 3.5 A˚ away from the
central channel of hR, and movement of the cytoplasmic end of
helix G approximately 2.0 A˚ in toward the protein center (Subra-
maniam and Henderson, 2000). We therefore imposed similar
movements on intermediate II to create our final hypothetical
conformation approximating a late hR state (Intermediate III)
(Figure 1E).StructureMolecular Dynamics Simulations
MD simulations were performed in order to recover dynamical
trajectories and extract theoretical predictions of the X-ray scat-
tering from the modeled hR reaction cycle intermediates. This
approach was motivated from the fact that MD simulations accu-
rately predict time-resolved X-ray scattering intensity changes
for neat-liquid (Georgiou et al., 2006) and dissolved photochem-
ical systems (Davidsson et al., 2005; Ihee et al., 2005b; Kim et al.,
2006; Plech et al., 2004). Restrained equilibration runs of 20 ps
resulted in models with well-relaxed membrane and water mole-
cules. Extended runs of 3 ns (or 4 ns) were performed and ap-
peared fully equilibrated within 2 ns (or 3 ns). Equilibration was
assessed by examining the root-mean-square deviation of the
average trajectory structures, which deviated by approximately
2 A˚ from starting structures; the potential energy curves; and
by extracting the radial distribution functions. Simulations for
which the retinal was isomerized and the chloride ion was dis-
placed to a position above the Schiff base required 3 ns to equil-
ibrate (Intermediates II and III), whereas the other systems
required only 2 ns (Ground state and Intermediate I).
Radial Distribution Functions
Interatomic distances in the protein structures were extracted
from MD trajectories of the simulated hR photo intermediates
and were represented as radial distribution functions, gij(r) (Fig-
ure 2). Radial distribution functions for all combinations of atoms
in a particular system were extracted from the last ns of the pro-
duction trajectories. These functions display the normalized
probability of finding an atom i in a spherical volume shell dV at
radial distance r from atom j.
Two representative radial distribution functions, gCC(r) and
gCI(r), are illustrated in Figure 2A. Two sharp peaks are visible
in gCC(r) (Figure 2A, black line) at approximately 1.34 A˚ and
1.54 A˚, and these correlate with the interatomic distances asso-
ciated with single and double carbon bonds. Likewise, a slightly
broader peak is visible at 2.6 A˚, which originates from a frequently
repeated carbon-carbon distance when three carbon atoms are
covalently bound. Less specific features in gCC(r) are visible at
approximately 3.5 A˚ and above and reflect the noncovalent
packing of carbon atoms against each other. A radial distribution
function that is strictly noncovalent in character is provided by
gCI(r) (Figure 2A, orange line) since the halide substrate is not
covalently linked to the protein. Hence, gCI(r) has no features
below 3 A˚ since neighboring atoms cannot penetrate below the
van der Waals radii of the halide ion. Above 3 A˚, gCI(r) describes
the surrounding structure of the interacting carbon atoms, with
peaks being associated with clusters of carbon atoms seen by
iodide.
Changes in Radial Distribution Functions
In any time-resolved X-ray diffraction experiment (Davidsson
et al., 2005; Ihee et al., 2005b; Kim et al., 2006; Neutze et al.,
2001; Plech et al., 2004), it is changes in the X-ray scattering in-
tensities that are measured. To interpret the measured intensity
changes, it is necessary to predict the most significant changes
in X-ray scattering from changes in radial distribution functions.
Any structural change that significantly perturbs the radial distri-
bution functions may, in principle, be detected experimentally.16, 21–28, January 2008 ª2008 Elsevier Ltd All rights reserved 23
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Time-Resolved X-Ray Scattering of HalorhodopsinFigure 2. Radial Distribution Functions
(A) Ground state radial distribution functions gCC(r)
(black) and gCI(r) (orange). The upper insets
depict reoccurring covalent bond distances,
whereas the lower inset depicts the surrounding
coordination shell of the halide ion.
(B) Difference radial distribution functions DgCI(r)
recovered by subtracting gCI(r) extracted from
Ground state simulations from that extracted
from Intermediate I simulations (black line) and In-
termediate II simulations (orange line). The upper
inset highlights illustrative C–I distances (yellow
dashes) for the Ground state, whereas the lower
inset highlights the same distances following reti-
nal isomerization.
(C) Difference radial distribution functions DgCI(r)
calculated by subtracting gCI(r) for the Ground
state from gCI(r) for Intermediate I (black line)
and Intermediate II (orange line). The inset depicts
the coordination shell of the halide ion for Interme-
diate II.
(D) Difference radial distribution functions DgII(r)
as given by subtraction of gII(r) for the Ground
state from gII(r) for Intermediate I (black line)
and Intermediate II (orange line). The inset depicts
the two configurations of the retinal and the re-
spective distances between the iodine and iodide
as yellow dashes.To highlight the nature of interpretable structural changes de-
rived from the MD trajectories,DgCI(r) (I representing the 13-des-
methyl-13-iodoretinal iodine) between Intermediate I and Ground
state (black line) and between Intermediate II and Ground state
(orange line) are illustrated in Figure 2B. When the retinal isomer-
izes from the all-trans to the 13-cis configuration, there is a spe-
cific motion of the retinal near C13 and of the side chain of
Lys242. Positive and negative features in DgCI(r) around 2.5 A˚
(Figure 2B) originate from changes in the distance between io-
dine and C14, which is shortened from 2.52 A˚ to 2.35 A˚ following
isomerization (Figure 2B, inset). Additional difference peaks at
3.5 A˚ and above can be explained in a similar manner, arising
due to perturbations of C-I distances relative to more distant
carbons, including the side-chain atoms of Lys242 and Trp207
located on the cytoplasmic side of the retinal.
Further structural insight is gained when considering DgCI(r)
(I representing the transported halide ion) between Intermedi-
ate I and Ground state (black line) and between Intermediate II
and Ground state (orange line), illustrated in Figure 2C. Here,
striking differences arise between the two functions due to the
movement of the halide ion from its initial binding site (Figure 2A,
inset) to its transient location on the cytoplasmic side of the ret-
inal (Figure 2C, inset). Specifically, at its position in Intermediate
II, the halide ion is surrounded by significantly closer packing
carbon atoms than for its location in the Ground state. This is
reflected by a strong positive feature inDgCI(r) at approximately
4 A˚.
Finally, we consider changes in the distance between the two
incorporated heavy atoms, DgII(r), between Intermediate I and
Ground state (Figure 2D, black line) and between Intermediate
II and Ground state (Figure 2D, orange line). An immediate effect
of retinal isomerization appears as a negative feature at 9.0 A˚
(Ground state, I-I separation) and a positive feature at 10.0 A˚24 Structure 16, 21–28, January 2008 ª2008 Elsevier Ltd All rights re(Intermediate I, I-I separation), which arises due to a slight
movement away from the iodide binding site of the iodine cova-
lently bound to the retinal (Figure 2D, inset). When iodide is trans-
ported across the retinal to its postulated transient binding site,
the distance between the iodine atom and iodide ion is shortened
to 4.7 A˚, and this is reflected as a positive feature in DgII(r) for
Intermediate II (Figure 2D, orange line).
X-Ray Scattering Intensities
X-ray scattering intensities (Georgiou et al., 2006; Warren, 1969)
were calculated from gij(r) extracted from MD trajectories


















where q = (4p/l)sin(2q/2), fiðqÞ is the atomic scattering factor of
atom i, rij the distance from atom i to j, r is the average density of
the solution, q is half the angle of deflection of the scattered
X-ray, and l is the X-ray wavelength. The first term in this expres-
sion describes the scattering of individual atoms within the pro-
tein, whereas the second term is comprised of scattering from all
cross-terms between atoms within the protein and depends
explicitly upon the radial distribution functions gij(r).
In Figure 3A, we illustrate the predicted X-ray scattering for
a single molecule of hR. A prominent feature near q = 1.4 A˚1
is a typical feature of diffuse X-ray scattering from proteins and
correlates with an overrepresentation of interatomic distances
of approximately 4.5 A˚, which occurs frequently in proteins due
to the packing of secondary structural elements. Our central hy-
pothesis is that by introducing heavy atom sites into the proteinserved
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Time-Resolved X-Ray Scattering of HalorhodopsinFigure 3. Calculated X-Ray Scattering
Intensities
(A) Absolute X-ray scattering intensities, S(q), for
hR having different degrees of heavy atom label-
ing: WT (solid line); I substituted for Cl (circles);
and doubly labeled hR, with I covalently bound
to retinal (13-desmethyl-13-iodoretinal) and I
replacing Cl (triangles).
(B) Difference X-ray scattering intensities, DS(q),
recovered by subtracting the X-ray scattering
from the Ground state from that of Intermediate I
for wild-type hR (black line) and for the doubly
labeled system (orange line).
(C) Difference X-ray scattering intensities, DS(q),
calculated as in (B) but using the X-ray scattering
from Intermediate II. For comparison, both (B)
and (C) are plotted with the same vertical scale.
(D) Difference X-ray scattering intensities at low
deflection angle, DS(q), calculated as in (B) and
(C). The strong negative low-angle difference sig-
nal deriving from both wild-type (black line) and
heavy-atom labeled (orange line) Intermediate III
correlates with large scale helical movements
(Figure 1E).active site or transported substrate, we can alter the diffuse X-ray
scattering intensities in such a way as to fingerprint specific local
transport events. The effect of introducing heavy atoms into hR
on the X-ray scattering profile is illustrated in Figure 3A. Should
the active-site Cl ion of hR (Figure 3A, solid line) be replaced
with iodide (Figure 3A, circles), then the X-ray scattering curve un-
dergoes a slight increase in intensity. When a second strongly
scattering atom is introduced as synthesized 13-desmethyl-13-
iodoretinal (Figure 3A, triangles), then this increase in X-ray scat-
tering is repeated. It is important to appreciate that due to inter-
ference effects between X-ray scattering from the two introduced
heavy atoms and surrounding protein, the additional scattering
power varies significantly between 0.75 A˚1 > q > 2.2 A˚1.
X-Ray Scattering Changes
In Figures 3B–3D, difference X-ray scattering intensities are pre-
sented for the three putative intermediate states, Intermediate I,
II, and III, relative to those predicted from the Ground state.
Difference curves for both the heavy-atom doped hR (orange)
and wild-type hR (black) systems are shown. For example, dif-
ferences in X-ray scattering signal between the ground and
illuminated systems that occur between 0.75 A˚1 < q < 2.2 A˚1
(enlarged in the inset) are typically 5% to 10% of the total signal
from the protein in this region.
First, consider difference scattering changes, DS(q), between
Intermediate I and the Ground state (Figure 3B). In this case,
the predicted changes derive from local yet rapid rearrange-
ments in the retinal and side chain of Lys216. In particular, at
low resolution, a significant valley at 0.1 A˚1 and corresponding
peak at 0.2 A˚1 is predicted for both systems, and there is very
little relative difference in this region between the wild-type and
heavy atom doped systems. Thus, while this feature will be easily
measured, it will not be possible to uniquely assign a signature to
specific movements of the iodide substrate. At higher resolution
(Figure 3B, inset), the difference signal is weaker and shows sev-
eral oscillations, yet the signals from wild-type and heavy atomStructuredoped hR are clearly distinguishable. The same pattern is also
seen for the difference X-ray scattering signal associated with In-
termediate II (Figure 3C). It is noteworthy, however, that the X-ray
scattering difference signal predicted between 0.75 A˚1 < q < 2.2
A˚1 for Intermediate II is significantly different to that predicted for
Intermediate I.
For comparison, consider the predicted X-ray scattering inten-
sity changes (Figure 3D) associated with a global movement of
the protein’s cytoplasmic helices (Intermediate III). Within the
small-angle X-ray scattering data, a very significant drop in inten-
sity is predicted for q < 0.2 A˚1, and the first positive peak now
arises at q = 0.4 A˚1 (Figure 3D) and is broader than that pre-
dicted at 0.2 A˚1 for Intermediates I and II. Thus, the low q-space
region provides a signature region for large-scale global move-
ments and would enable the time scale associated with these
movements to be measured directly.
Average Electron Density Changes Representation
We demonstrated above that the low-angle difference X-ray
scattering signal provides a fingerprint for global conformational
changes within the protein, whereas higher-angle difference data
show signals that are clearly distinguishable for the wild-type and
heavy-atom doped systems. The key question thus arises: can
the high-angle difference scattering signal be interpreted in terms
of local structural changes associated with the movement of
substrate?
In time-resolved X-ray diffraction studies of small molecules
with heavy-atom labels, a useful Fourier transform (FT) represen-
tation of the experimental electron density about ‘‘an average
atom’’ has been exploited (Davidsson et al., 2005; Ihee et al.,






b2q2 3 DSðqÞ (2)
where b is a constant inserted to dampen higher-frequency
oscillations. Applying this formula to the predicted difference16, 21–28, January 2008 ª2008 Elsevier Ltd All rights reserved 25
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erization of the retinal (Intermediate I) and the movement of the
halide ion (Intermediate II), we recover Figures 4A and 4B. Unlike
the case for small molecules in solution (Davidsson et al., 2005;
Ihee et al., 2005b; Kim et al., 2006; Plech et al., 2004), however,
this complex protein system has so many structural changes
occurring simultaneously that it is not trivial to interpret this
real-space representation of the difference signal.
Figure 4. Real-Space Representations of the Difference X-Ray Scat-
tering Signal
(A) Average electron density change, r(r), associated with wild-type (black line)
and doubly labeled hR (orange line) for Intermediate I. Changes are calculated
by applying Equation 2 to the curves represented in Figure 3B.
(B) Average electron density change, r(r), associated with wild-type (black line)
and doubly labeled hR (orange line) for Intermediate II. These are calculated as
in (A) by using data represented in Figure 3C. For comparison, (A) and (B) are
plotted with the same vertical scale.
(C) Difference average electron density change, Dr(r), calculated by taking the
difference for doubly labeled hR and wild-type hR by applying Equation 3 for
Intermediate I (brown line) and Intermediate II (blue line).26 Structure 16, 21–28, January 2008 ª2008 Elsevier Ltd All rights reNevertheless, exploiting the approach advocated here, it is
possible to consider the difference between Dr(r) determined
for the wild-type and for the doubly labeled systems. In that case,
the complex signal deriving from atomic movements of side
chains and other atoms within the protein will cancel, and one
is left with a clean time-resolved signal deriving explicitly from







for both Intermediates I and II, we recover Figure 4C. Strikingly,
a strong positive feature stands out at 4.7 A˚ for both intermedi-
ates, and this feature is approximately twice as strong for Inter-
mediate II.
As a consequence of retinal isomerization, the iodine of 13-
desmethyl-13-iodoretinal is subjected to a movement of approx-
imately 0.7 A˚ toward the neighboring residues on the cytoplas-
mic side of the chromophore. Since the first coordination shell
of iodine consists of distances ranging from 3.5 to 5.0 A˚ (Fig-
ure 2B), this closer packing will give rise to the positive feature
seen for Intermediate I in Dr(r) centered at around 4.7 A˚
(Figure 4C, brown line). Further contributing to this effect in Inter-
mediate II (Figure 4C, blue line) is the transient close packing of
iodide against the modified retinal and surrounding residues,
which is clearly illustrated as a strong positive feature at 4.7 A˚
in bothDgCI(r) (Figure 2C) andDgII(r) (Figure 2D). Thus, through
calculating Dr(r) according to Equation 3, it is possible to finger-
print local structural signals associated with the isomerization of
the retinal and with the translocation of the halide ion into a cyto-
plasmic binding pocket. This establishes the central tenant of
this analysis, that the time scales of both local active site struc-
tural changes and global secondary structural element motions
can be probed in the same experiment.
DISCUSSION
From the above analysis, we have argued that time-resolved dif-
fuse X-ray scattering on integral membrane protein transporters,
in combination with specific heavy-atom markers, can simulta-
neously resolve local and global structural changes. Although
the details of this analysis concern halide ion transport by hR,
the essential idea is generic and can be extended to the analysis
of other membrane transport systems. Furthermore, the ap-
proach may be naturally extended to consider other transient
phenomena of interest such as protein unfolding or refolding,
or transient protein:protein interactions in biological signal
cascades.
Such experiments will, nevertheless, be very technically chal-
lenging. Structural changes have been unambiguously observed
in time-resolved X-ray diffraction experiments on I2, CH2I2,
C2H4I4, and HgI2 (Davidsson et al., 2005; Ihee et al., 2005b;
Kim et al., 2006; Neutze et al., 2001; Plech et al., 2004) with
100 ps temporal resolution, for which the photointermediate
species of interest were transiently present at about 1 mM con-
centrations, and the interatomic displacements were typically
0.5 A˚. In all cases, the observed intensity changes, DS(q)/S(q),
were of the order of 0.1%, yet the photointermediate structuresserved
Structure
Time-Resolved X-Ray Scattering of Halorhodopsincould be accurately resolved and the reaction kinetics moni-
tored. Our analysis shows that the difference X-ray scattering
signal from the modified protein is approximately 5% of the sig-
nal from the protein itself in the region 0.75 A˚1 < q < 2.2 A˚1 (Fig-
ure 3). Comparing the predictions generated here with the exper-
imentally measured signal from the CH2I-I photo-intermediate
(Davidsson et al., 2005) suggests that a structural signal from
heavy-atom doped Intermediates I and II could be resolved at
a concentration of 150 mM or greater. Thus, one scenario could
be to study hR concentrated to 0.5 to 1.0 mM and target high
photoexcitation levels. Since retinal proteins are optimized by
evolution to achieve approximately 66% quantum efficiency,
this goal appears realistic.
A second consideration concerns competing signals that may
otherwise mask the fingerprint features. For example, time-
resolved X-ray scattering studies on neat liquids (Georgiou et al.,
2006) show significant features in the X-ray scattering data
even at short time scales, due to the creation of a super-heated
state of the sample. Although such signals will contribute when
studying light-driven reactions in membrane proteins, it is possi-
ble to rapidly heat the sample with short pulses of IR radiation
and thereby subtract any signal deriving from heating alone
(Cammarata et al., 2006). Other experimental considerations,
such as the influence of X-ray-induced damage to the membrane
protein sample (Fischetti et al., 2003), can only be addressed
through careful experimentation. Regardless of these concerns,
since parallel experiments on both the wild-type protein and the
heavy-atom labeled systems will be required, comparison of dif-
ference data recovered from parallel experiments (Equation 3)
will uniquely resolve the heavy-atom-specific features. Although
the technical challenges faced in experimentally realizing this
methodology are significant, the potential for shedding new light
on fundamental cell-transport processes is tremendous.
EXPERIMENTAL PROCEDURES
Initial Structure
A starting structure, common to all four models of the photocycle, was con-
structed by rebuilding of missing atoms in residues Arg24, Glu25, and Val262
in the crystal structure of halorhodopsin (Kolbe et al., 2000) (PDB code: 1E12)
by using PYMOL (DeLano, 2002). Water molecules occupying space as pre-
dicted by the program Dowser (Zhang and Hermans, 1996) were included in
addition to the crystallographically resolved water molecules as described
(Edman et al., 2004).
Molecular Dynamics Simulations
All models were inserted into a slab of low-temperature argon atoms (Aqvist
and Luzhkov, 2000), and Lennard Jones repulsions were increased between
argon and water (s = 0.36 nm, 3 = 0.85 kJ/mol) in order to mimic the hydropho-
bic nature of the membrane (Edman et al., 2004). Time-dependent protein dy-
namics simulations of 3 ns (Ground state and Intermediate I) or 4 ns (Interme-
diates II and III) were performed by using the chemical simulation software
package GROMACS (Lindahl et al., 2001) with a time step of 1 fs. The Gro-
mos-96 force field (van Gunsteren et al., 1996) was modified to include param-
eters for the retinal and the Schiff base as described (Edman et al., 2004). All
models were solvated in a 73 73 7 nm3 box filled with 5,983 single point water
molecules (Berendsen et al., 1981) and energy minimized by using the steep-
est descent algorithm. All protein Ca atoms were restrained at their initial po-
sitions with a force constant of 1000 kJ $ mol1 $ nm2 and equilibrated for
20 ps, allowing argon and water molecules to relax. The temperatures of the
protein (300 K), water (300 K), argon atoms (120 K), and the halide ion (120 K)
were controlled independently by the weak coupling method with tT = 0.1 ps.StructureThe pressure was controlled by using an anisotropic weak coupling
(1 bar) with tP = 5 ps in all directions. Periodic boundary conditions were ap-
plied for all simulations.
Radial Distribution Functions
Radial distribution functions, gij(r), for the atoms of the protein, retinal, halide
ion, and internal water molecules were extracted up to the maximum distance
between two particular atoms in steps of 0.2 A˚. As such, gij(r)/ 0 as r became
larger than the dimensions of the protein.
X-Ray Scattering Intensities
X-ray scattering intensities, S(q), were calculated according to Equation 1.
When calculating difference intensities, DS(q), the first (gas) term cancels
out, and the expression relies solely on the form factors and Dgij(r). X-ray scat-
tering intensities were calculated for q values 0.01 A˚1 < q < 7.83 A˚1. Our
script was validated against the program CRYSOL (Svergun et al., 1995),
and all major features of the diffuse X-ray scattering were faithfully reproduced.
When comparingDS(q) calculated from WT hR and the doubly labeled system,
the same molecular dynamics trajectories were used but the atomic scattering
factor for Cl was replaced with that for I, and the scattering contribution of
the C20 methyl group was replaced with that from I. This approach was imple-
mented to ensure that the differences between the two systems stemmed en-
tirely from the substitution of these heavy atoms. Control simulations were also
performed on hR containing the modified retinal and substituted halide ion sys-
tems. This system was stable, but minor difference in the trajectories between
simulations led to slight variations in the calculated X-ray intensities.
Average Electron Density Representation
Equation 2 was used to calculate the difference scattering intensities in an
intuitive real-space representation by using b = 0.3 A˚ and DS(q) from 0
A˚1 < q < 7.8 A˚1.
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